Introduction {#S0001}
============

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the fourth most common cause of cancer death worldwide.^[1](#CIT0001)^ Multidisciplinary treatment strategies consisting of surgery, adjuvant therapy, and molecular targeted therapy have progressed for advanced stage CRC, but a certain number of patients with stage II or III CRC still experience disease relapse after curative surgery.^[2](#CIT0002)^ It is necessary to develop biomarkers to help identify the patients who are at high risk of disease relapse and to consider an appropriate treatment strategy depending on the disease condition.

Tumor antigen-specific immune reactions in the host suppress tumor growth and can lead to its eradication. Tumor antigens are incorporated by antigen-presenting cells (APCs), such as dendritic cells (DCs), and are presented to naïve T cells in the secondary lymphoid organs (SLOs). Matured and tumor-specific T cells and B cells subsequently leave the SLOs and reach tumor tissues via the systemic circulation.^[3](#CIT0003)^ Lymphoid aggregates often develop at sites of inflammation where infection, autoimmune disease, or cancer exist.^[4](#CIT0004)^ They are called tertiary lymphoid structures (TLSs).^[4](#CIT0004)^ TLS formations range from tight clusters of B cells and T cells to highly organized structures that have functional germinal centers (GCs) like SLOs. In fact, several characteristics associated with SLOs are seen in TLS formations, such as a T cell zone, a GC with follicular dendritic cells (FDCs), proliferating B cells, and high endothelial venules (HEVs).^[4](#CIT0004)^ A TLS is recognized as the place where T cell and B cell responses occur, including the induction of effector functions, antibody generation, affinity maturation, class switching, and clonal expansion.^[5](#CIT0005)^

TLSs have been reported in various types of cancer tissues including lung cancer, breast cancer, pancreas cancer, and CRC. Most previous studies have consistently showed a positive correlation between higher TLS densities and better prognosis in different cancers..^[6](#CIT0006)--[9](#CIT0009)^ On the other hand, some reports of biliary tract cancer and of some populations with CRC showed that high numbers of TLSs or lymphoid aggregates had no impact on patients' prognosis.^[10](#CIT0010)--[12](#CIT0012)^ Among them, a correlation between the number of TLSs and patients' prognosis was reported when limited to cases with stage II CRC, or TLSs with follicular structure were examined. There are two possible explanations for the discrepancy in the results. One is heterogeneity of the definitions used for quantifying TLSs. So far, the definition of a TLS has varied in each study. Some studies identified TLSs as CD3^+^ T cell aggregates and/or with DC-Lamp^+^ mature DCs on immunohistochemical staining, and others identified TLSs as CD20^+^ B cell aggregates or as immune-cell aggregates on hematoxylin and eosin staining. Another plausible explanation is that what affects patients' prognosis is not only the number of TLSs, but their functional differences. A previous study of stage II and III CRC reported that TLS density did not correlate with disease relapse, but in the case of TLSs with an FDC network or GC formation, a significant association was present.^[12](#CIT0012)^ Moreover, an increasing number of studies have shown positive correlations between good and poor clinical outcomes and different cellular components of TLSs, such as DCs, T cells, B cells, follicular helper T cells (Tfh), regulatory T cells (Tregs), HEVs, and chemokines.^[4](#CIT0004)^ In CRC, increased CD3^+^ T cell infiltration of TLSs or Tfh-related gene expressions, such as *CXCL13* and *IL-21*, have been reported to predict improved survival.^[13](#CIT0013),[14](#CIT0014)^ Furthermore, in gastric cancer, a high number of CD20^+^ B cells within lymphoid aggregates was associated with significantly better overall survival and was one of the independent predictors of prognosis.^[15](#CIT0015)^ On the other hand, Treg cells in TLSs reduced infiltration of CD4^+^ or CD8^+^ T lymphocytes and suppressed the immune response to tumor in a mouse model of lung adenocarcinoma.^[16](#CIT0016)^ These data suggest that the cellular component composition of a TLS affects the function of the anti-tumor immune response in different types of cancer. Therefore, to assess the prognostic value of TLSs in cancer patients, differences in cellular components need to be considered.

However, how the balance of the composition affects the anti-tumor effect or regulates distant metastasis has remained unclear. This is because previous studies mainly involved data of immunohistochemistry that stained only a few antigens per slide and focused on individual immune cells. In the conventional immunostaining method, the number of antigens stained in one slide was limited due to the restrictions of fluorescence and host animal species producing antibodies for immunohistochemistry. Though flow-cytometry analysis and gene expression analysis such as microarray and messenger RNA sequencing enable analysis of multiplex antigens or many genes, it is difficult to analyze the location of the cells and the expression profiles of individual cells. In the present study, a novel technology, Opal seven-color IHC Kit (Perkin Elmer, Waltham, CA), which enables multiplex immunohistochemical staining of a maximum of seven antigens on one slide, was used. Then, the number and density of immune cells in TLSs were compared with clinical outcomes, and a classification of TLSs according to TLS component composition was explored. This study showed that a specific TLS component composition correlates with CRC relapse after curative surgery and proposed a TLS classification based on the balance of the multiple TLS components.

Results {#S0002}
=======

Most stage II/III CRCs have tumor-associated TLSs regardless of clinical characteristics {#S0002-S2001}
----------------------------------------------------------------------------------------

Sixty-seven patients who had undergone curative surgery for stage II or III CRC were examined in this retrospective study. The patients' baseline characteristics are summarized in [Table 1](#T0001). Pathologically, all patients were diagnosed with adenocarcinoma. Six patients (9%) showed loss of mismatch repair (MMR) protein expression, whereas the remaining 61 (91%) showed intact expression of all four MMR proteins, mutL homolog 1 (MLH1), mutS homolog 2 (MSH2), mutS homolog 6 (MSH6), and postmeiotic segregation increased 2 (PMS2). All MMR-deficient (dMMR) tumors in the present study had lost expression of both MLH1 and PMS2. Fifty-three (79%) patients had a low Immunoscore, 13 (19%) patients had an intermediate Immunoscore, and one (1.5%) patient had a high Immunoscore. Of the total population, 40 patients (60%) received adjuvant chemotherapy, which included monotherapy with fluoropyrimidine or combination therapy with fluoropyrimidine, oxaliplatin, and leucovorin. The median follow-up period after surgery was 42.9 months (range 22.5--73.4 months). Thirteen patients (19%) experienced disease relapse, and their median relapse-free survival (RFS) was 9.8 months (95% CI: 6.2--13.5 months, [Table 1](#T0001)). To investigate the formation of TLS, fixed-formalin paraffin-embedded (FFPE) CRC samples were stained with CD3, CD8, CD20, FDC, CD68, Bcl-6, and DAPI ([Figure 1](#F0001)). Those that included all T cells, B cells, and FDCs were defined as TLSs in the present study. Peyer's patches were excluded. Of the overall population, 58 patients (87%) had one or more TLS formations in CRC slides (TLS+ population, [Table 1](#T0001)). There was no significant difference between TLS+ (58 patients) and TLS- populations (9 patients) in clinical characteristics and patient outcomes such as disease relapse and RFS.10.1080/2162402X.2020.1724763-T0001Table 1.Baseline Patients' Characteristics.VariableOverall population\
*n* = 67, No. (%)TLS+ population\
*n* = 58, No. (%)Age, years68 (42--90)68 (42--90)Sex   Male37 (55%)28 (48%) Female30 (45%)30 (52%)Tumor location   Cecum, Ascending colon19 (28%)18 (31%) Transverse colon7 (10%)7 (12%) Descending colon4 (6%)4 (7%) Sigmoid colon16 (24%)12 (21%) Rectum21 (31%)17 (29%)Pathologic tumor status   T25 (7%)4 (7%) T351 (76%)44(76%) T411 (16%)10 (17%)Pathologic node status   N022 (33%)21 (36%) N133 (49%)29 (50%) N212 (18%)8 (14%)Stage   II22 (33%)21 (36%) III45 (67%)37 (67%)MMR deficiency (dMMR)6 (9%)6 (10%)Immunoscore   Low (0-25%)53 (79%)45 (78%) Intermediate (25-70%)13 (19%)12 (21%) High (70-100%)1 (1.5%)1 (1.7%)Adjuvant chemotherapy Yes40 (60%)34 (59%)Relapse within 2 years13 (19%)11 (19%)Relapse free survival\* median (95% CI)9.8 months\
(6.2--13.5)9.8 months\
(5.7--19.1)[^1][^2] 10.1080/2162402X.2020.1724763-F0001Figure 1.Representative image of a TLS in CRC tissue.a, The dotted line shows a TLS in CRC tissue (magnification, x200). The slide was stained with CD3 (yellow), CD8 (green), CD20 (purple), FDC (white), CD68 (pink), Bcl-6 (red), and DAPI (blue). Scale bar, 100 µm. b, A TLS displayed separately by each antigen with DAPI. Scale bar, 100 µm. TLS, tertiary lymphoid structure; CRC, colorectal cancer

Increase of helper T (Th) cells and macrophages in tumor-associated TLS is associated with disease relapse {#S0002-S2002}
----------------------------------------------------------------------------------------------------------

The relationships between the number of TLSs and clinical features of the overall population were examined first (*n = *67, [Figure 2(a](#F0002))). There were no significant associations between the number of TLSs and age, pathological stage, tumor location, and disease relapse ([Figure 2(a](#F0002))). Regarding pathological stage, however, the number of TLSs tended to be lower in stage III than in stage II CRC, with median values of 3.7 and 5.1 per 100 mm^2^ of tumor area, respectively (*p* = .057).10.1080/2162402X.2020.1724763-F0002Figure 2.Correlations of TLS-cellular components and clinical signatures.a, Comparisons of numbers of TLSs per 100 mm^2^ tumor area between two patient groups, divided by age (\<65 years, *n = *24; ≥65 years, *n = *43), pathological stage (stage II, *n = *22; stage III, *n = *45), side of the primary tumor (right side, *n = *26; left side, *n = *41), and disease relapse after surgery (no recurrence (No Rec), *n = *54; recurrence (Rec), *n = *13). b, Comparisons of proportions of cellular components of TLSs between patients without and with disease relapse (no recurrence, *n = *47; recurrence, *n = *11). Each component is defined as: B cell (CD20^+^Bcl-6^-^), Helper T cell (CD3^+^CD8^-^Bcl-6^-^), FDC (FDC^+^), CTL (CD3^+^CD8^+^), macrophage (CD68^+^), Tfh (CD3^+^CD8^-^Bcl-6^+^), and GC B cell (CD20^+^Bcl-6^+^). In both a and (b), *P* values were calculated by the Wilcoxon rank-sum test. Dots indicate mean values of each patient. Box plots show the median and first and third quartiles, and whiskers extend to 1.5 times the interquartile range of the patient groups. TLS, tertiary lymphoid structure; FDC, follicular dendritic cell; CTL, cytotoxic T lymphocyte; Tfh, follicular helper T cell; GC, germinal center

The association between the density of each cellular component and CRC relapse was investigated next. The subsequent analyses were conducted on 58 patients harboring one or more TLSs (the TLS+ population). Of the seven types of immune cells consisting of B cells (CD20^+^Bcl-6^-^), Th cells (CD3^+^CD8^-^Bcl-6^-^), FDCs (FDC^+^), cytotoxic T lymphocytes (CTLs) (CD3^+^CD8^+^), macrophages (CD68^+^), Tfh cells (CD3^+^CD8^-^Bcl-6^+^), and GC B cells (CD20^+^Bcl-6^+^), the densities of Th cells and macrophages were significantly higher in disease-relapsed patients rather than in not-relapsed patients ([Figure 2(b](#F0002))). Median values of Th cells in not-relapsed patients and relapsed patients were 27% and 40%, respectively (*p = *.043), and those of macrophages in the two groups were 2.7% and 3.8%, respectively (*p = *.0076).

Patients were then stratified by the proportions of Th cells and macrophages. RFS was compared between patients with high and low cellular densities of these immune cells ([Figure 3](#F0003)). Their cutoff values were determined based on receiver operating characteristic (ROC) curves for disease relapse using logistic regression analysis, and the most sensitive and specific values were used (Th 32.2%, AUC 0.70, *p* = .067; macrophages 3.40%, AUC 0.76, *p* = .0057). Patients with high densities of Th cells or macrophages had significantly shorter survivals than those with low densities ([Figure 3a](#F0003), Th, *p* \< .0001; 3B, macrophages, *p* = .0036). Moreover, when patients were stratified into four groups according to high and low densities of Th cells and macrophages, the patient group with high densities of both showed particularly shorter survival than the other three groups ([Figure 3c](#F0003)). These data suggest that the presence of increased Th cells and macrophages is correlated with CRC relapse after curative surgery.10.1080/2162402X.2020.1724763-F0003Figure 3.Kaplan-Meier survival curves showing RFS according to proportions of (a) helper T cells (Th), (b) macrophages (Mp), and (c) their combination. *P* values were calculated by the log-rank test. Vertical lines represent censoring.RFS, relapse-free survival

Th cell-dominant composition might be an independent biomarker for CRC relapse {#S0002-S2003}
------------------------------------------------------------------------------

Univariate and multivariate analyses with disease relapse were next conducted to identify independent predictive factors for disease relapse ([Table 2](#T0002)). As for the number of TLSs, the cutoff values were determined based on ROC curves for disease relapse in the same way as those for Th cell and macrophage densities in [Figure 3](#F0003). On univariate analysis, there were significant correlations between CRC relapse and tumor depth (*p* = .0001), the proportion of Th cells (*p* = .0012), and the proportion of macrophages (*p* = .0061). On multivariate analysis, only tumor depth (*p* = .0058) and the proportion of Th cells (*p* = .028) were significant. In the present study, MMR status and Immunoscore had no significant correlations with disease relapse. These data indicate the possibility that a high Th cell density in TLSs is one of the independent predictors for CRC relapse ([Table 2](#T0002)).10.1080/2162402X.2020.1724763-T0002Table 2.Univariate and Multivariate Analysis with Disease Relapse after curative surgery. UnivariateMultivariateVariableTotal (%)HR*P-*valueHR95% CI*P-*valueAge, years 1.510.73    \<653 (15.0)      ≥658 (21.1)     Tumor depth 25.7*0.0001*42.12.95-600*0.0058* T2, T34 (8.3)      T47 (70.0)     Lymph node metastasis 1.660.73    N03 (14.3)      N1, N28 (21.6)     Stage 1.660.73    II3 (14.3)      III8 (21.6)     Sidedness 1.410.74    Right side4 (16.0)      Left side7 (21.2)     Mismatch repair (MMR) 0.841.000.120.002--10.20.35 MMR-proficient10 (19.2)      MMR-deficient1 (16.7)     Adjuvant therapy 0.811.00    Yes5 (20.8)      No6 (17.7)     Immunoscore 0.290.430.110.002--7.380.35 Low10 (22.2)      Intermediate/High1 (7.7)     No. of TLS per 100 mm^2^ of tumor region 1.301.00    \<4.54 (16.7)      ≥4.57 (20.6)     Proportion of helper T cell 12.0*0.0012*9.891.28--76.3*0.028* \<32.2%4 (8.9)      ≥32.2%7 (53.9)     Proportion of Macrophage 8.72*0.0061*4.210.56--31.80.16 \<3.40%2 (6.06)      ≥3.40%9 (36.0)     [^3]

GATA3^+^ Th2 cells are the population that increase in relapsed patients' TLSs {#S0002-S2004}
------------------------------------------------------------------------------

In order to identify which effector subsets of Th cells (CD3^+^CD8^-^Bcl-6^-^) increased, the next investigation was performed. Another staining panel was conducted using primary antibodies for T-bet, GATA3, ROR-γT, FOXP3, CD3, and DAPI ([Figure 4](#F0004)). The densities of Th1, Th2, Th17, and Tregs in TLSs were assessed by calculating the number of each cell per all nucleated cells in a TLS ([Figure 4(a](#F0004))). The effector subsets were defined according to CD3 protein expression and the master regulators: Th1 (CD3^+^T-bet^+^), Th2 (CD3^+^GATA3^+^), Th17(CD3^+^ROR-γT^+^), and Tregs (CD3^+^FOXP3^+^). Then, the mean value of each subset of all TLSs within whole slides was calculated to provide the representative values for one patient, as in [Figure 2](#F0002). This investigation involved the 35 patients whose serial sections could be assessed of those used in [Figure 2](#F0002). The baseline characteristics of the 35 patients are shown in Supplementary Table 1. The patients included 10 (29%) and 25 (71%) patients with stage II and III CRC, respectively, and 8 patients (23%) with disease relapse. There was no significant difference between the 35 patients and the overall population in terms of clinical characteristics, as shown in Supplementary Table 1. They were divided into two groups by Th cell density (Th low group *n = *27, Th high group *n = *8) ([Figure 4a](#F0004)). The cutoff value was defined as 34.1%, which was determined based on ROC curves for disease relapse using logistic regression analysis, and the most sensitive and specific values were used (Th 34.1%, AUC 0.62, *p* = .34). Of the Th1, Th2, Th17, and Treg subsets, the subset that increased significantly in Th-high patients was Th2 ([Figure 4a](#F0004)). There was a positive correlation between the densities of Th and Th2 cells (*r* = 0.50 and *p* = .0022) ([Figure 4b](#F0004)). In addition, although there was no significant difference, Th2 density tended to increase in patients with disease relapse (*p* = .19). These findings suggest the possibility that increased Th2 density in TLSs correlates with disease relapse of CRC.10.1080/2162402X.2020.1724763-F0004Figure 4.Assessment of increased Th cell subsets in Th-high patients.a, Comparisons of proportions of Th cell subsets between patients with lower densities of Th (Th\<34.1%) and those with higher densities (Th≥34.1%) (Th low, *n = *28; Th high, *n = *7). Each subset is defined as: Th1 (CD3^+^T-bet^+^), Th2 (CD3^+^GATA3^+^), Th17 (CD3^+^ROR-γT^+^), and Treg (CD3^+^FOXP3^+^). Dots indicate mean values of each patient. Box plots show the median and first and third quartiles, and whiskers extend to 1.5 times the interquartile range of the patient groups (a,c). *P* values were calculated by the Wilcoxon rank-sum test (a,c). b, Scatter plot for the proportions of Th cells and CD3^+^GATA3^+^ Th2 cells in 35 patients. Correlation coefficients and *P* values were calculated using Pearson's correlation coefficient analysis. c, Comparison of proportions of Th2 between patients without and with disease relapse (no recurrence, *n = *28; recurrence, *n = *7). d, Representative image of TLS in a Th-high patient. The dotted line encircles a TLS in CRC tissue (magnification, x200). Slides were stained with CD3 (yellow), T-bet (cyan), GATA3 (red), ROR-γT (green), FOXP3 (pink), and DAPI (blue). The percentages were calculated as the numbers of CD3^+^CD8^-^Bcl-6^-^ (Th) and CD3^+^GATA3^+^ (Th2) per all nucleated cells in a TLS. Scale bar, 100 µm. Th, helper T cell

Classification of TLSs can be defined by multiple key immune cells {#S0002-S2005}
------------------------------------------------------------------

Next, TLSs in CRC tissues were classified based on the densities of the cellular components. We applied the *k*-means clustering algorithm, which is unsupervised learning algorithm, to divide TLSs according to the densities of multiple key immune cells. Then, a total of 353 TLS formations observed in 58 patients were divided into five clusters according to the densities of Th cells, B cells, FDCs, CTLs, GC-B cells, and macrophages ([Figure 5(a](#F0005),[b](#F0005))). As [Figure 5(a](#F0005) and [b](#F0005)) show, the TLSs could be separated into five clusters according to the balance of the six variables. The clusters were then named in reference to the parallel coordinate plots shown in [Figure 5(b](#F0005)): GC-TLS type (Cluster 1), B cell-rich type (Cluster 2), FDC-rich type (Cluster 3), Th-rich type (Cluster 4), and CTL/B/Th type (Cluster 5). Representative images of each cluster are shown in [Figure 5(c](#F0005)).10.1080/2162402X.2020.1724763-F0005Figure 5.Classification of TLS based on the densities of cellular components.a, A biplot of principal components from *k*-means five-cluster analysis for a total of 353 TLSs with six variables consisting of Th, B cells, FDCs, CTL, GC-B cells, and macrophages. b, Parallel coordinate plots displaying the normalized values of the six variables. The five clusters were separated using *k*-means cluster analysis. A colored thin line represents a TLS. A gray colored bold line shows the mean value of those variables. c, Representative images of each TLS cluster. Slides were stained with CD3 (yellow), CD20 (purple), CD8 (green), FDC (white), CD68 (pink), Bcl-6 (red), and DAPI (blue). Scale bar, 100 µm. d, Stacked bar charts representing the proportions (%) of the five TLS types per all TLSs in each patient without (*n = *47) and with (*n = *11) disease recurrence. The horizontal label represents the number of TLSs per patients' slides. e, Comparisons of the proportions of five types of TLSs between patients without and with disease recurrence (not recurrence, *n = *47; recurrence, *n = *11). *P* values were calculated by the Wilcoxon rank-sum test. Dots indicate the value of each patient. Box plots show the median, first and third quartiles, and whiskers extend to 1.5 times the interquartile range of the patient groups. Th, helper T cell; GC, germinal center; TLS, tertiary lymphoid structure; CTL, cytotoxic T lymphocyte; FDC, follicular dendritic cell; No rec, patients without recurrence; Rec, patients with recurrence

The relationship between disease relapse and the distribution of the five TLS types was then examined. The proportions of the clusters in a single patient were calculated as the number of TLSs assigned to each cluster compared to that of all TLSs ([Figure 5(d](#F0005),[e](#F0005))). The median numbers of TLSs in a single patient were both five in patients without relapse (range 1 to 15) and in those with relapse (range 1 to 19). The distribution of TLS clusters varied from case to case, but the proportion of Th-rich type TLSs increased significantly in patients with disease relapse (*p* = .0009), whereas the B cell-rich type and the CTL/B/Th type TLSs tended to decrease in those patients (*p* = .079 and *p* = .062, respectively) ([Figure 5(e](#F0005))). These data indicate that a variety of TLS types are present in CRC tissue, and that classification of TLSs can be defined by multiple key immune cells. Moreover, the difference in cellular compositions of TLS types is suggested to be associated with patients' prognosis.

Discussion {#S0003}
==========

The hypothesis on which this study was based was that each tumor-associated TLS could possess a distinct cellular composition with a different degree of anti-tumor immune response. For instance, one TLS would function in antigen presentation and activation and maturation of tumor-specific T cells and B cells in the same manner as an SLO, whereas another would not function sufficiently.

The present study demonstrated that Th cell and macrophage densities in TLSs were significantly higher in relapsed patients than in not-relapsed patients, and a higher ratio of Th cells might be one of the independent risk factors for relapse. Of the effector subsets of Th cells, Th2 subsets increased in patients with a higher density of Th cells. In terms of the TLS classification, the density of Th-rich type was also significantly associated with disease relapse, while the densities of immune cells consisting of GC, such as GC B cells and Tfh cells, were not correlated with prognosis. Although the roles of Th subsets other than Tfh in TLS have been poorly understood, they are considered basically shared with those in SLOs.^[5](#CIT0005)^ In the T cell zones of TLSs, DCs present antigen peptide in the context of major histocompatibility complex (MHC) class II molecules to naïve CD4^+^ T cells resulting in activation and differentiation of naïve CD4^+^ T cells into effector subsets such as Th1, Th2, Th17, and Tfh. The naïve CD4^+^ T cells are directed to each effector subset depending basically on the cytokines in the microenvironment.^[17](#CIT0017)^ For example, IL-12 and IFN-γ make naïve CD4^+^ T cells highly express T-bet and STAT4 and differentiate to Th1, while IL-4 makes naïve CD4^+^ T cells highly express GATA3 and STAT6 and differentiate to Th2.^[17](#CIT0017)^ Th2 cytokines such as IL-4, IL-5, and IL-13 activate eosinophils and support B cells to produce IgE antibody. In terms of anti-tumor immune response, however, Th2 cytokines might accelerate tumor growth. Actually, because Th1, Th2, and Th17 suppress differentiation to each other by their master regulators and secreted cytokines, Th1 and Th17 are supposed to be suppressed in a Th2-dominant microenvironment.^[17](#CIT0017)^ IL-4 is also reported to inhibit activation of CD8^+^ T cells through suppressing antigen presentation from dendritic cells in an acute graft versus host disease model.^[18](#CIT0018)^ Moreover, Th2 cytokines can induce M2 macrophage polarization, which enhances tumor growth in the tumor microenvironment by accelerating angiogenesis and inflammation.^[19](#CIT0019)^ Taken together, a skewed composition of Th2 cells in tumor-associated TLSs is thought to suppress tumor-specific CTL and Th1 and change the microenvironment toward Th2 cells and M2 macrophage polarization.

On the other hand, focusing on the neogenesis and maintenance of TLSs, the initiation is recognized to start from accumulation of IL-17-secreting Th17 cells and CD4^+^ lymphoid tissue-inducer (LTi) cells harboring lymphotoxin (LT)-α1β2 and expressing retinoic acid receptor-related orphan receptor-γt (RORγt) in inflamed tissue.^[5](#CIT0005),[20](#CIT0020),[21](#CIT0021)^ The Th17 and LTi cells secrete chemokines such as CXCL13, CCL19, and CCL21, which induce cell recruitment of CD62L-positive T cells and B cells through HEVs and support formation of lymphoid aggregates.^[5](#CIT0005),[22](#CIT0022)^ GC and T cell zones are then formed to gather FDC, Tfh, GC-B, and other immune cells, and the TLS creates an anti-tumor immune reaction.^[5](#CIT0005)^ The Th17 cells also play a key role to maintain TLSs through their plasticity shifting into Tfh cells. For example, Th17 cells can display Tfh cell-like characteristics during their differentiation, such as IL-21 secretion and expression of STAT3 and inducible T cell co-stimulator (ICOS).^[5](#CIT0005)^ Taken together, it is possible that Th2-dominant composition may suppress differentiation toward Th17, which may stop TLS-neogenesis and inhibit TLS maintenance. Therefore, the higher ratio of Th cells in the relapsed patients of the present study is considered to reflect more TLSs that are immature or just breaking up. Such TLSs likely do not maintain sufficient capacity to activate and differentiate tumor-specific effector and memory T cells.

There have been few reports of the association between the density of macrophages in TLSs and cancer patients' survival. In the present study, the density of CD68^+^ macrophage was significantly higher in relapsed patients. CD68^+^ macrophages within SLOs or TLSs are known as tingible-body macrophages (TBMs) and play a role as scavengers of apoptotic lymphocytes.^[23](#CIT0023)^ In addition, Smith et al. reported that TBMs play a role in downregulating the GC reaction by releasing prostaglandins and suppressing B cell secretion of IL-2.^[24](#CIT0024)^ It is likely that TBMs in a TLS affect the GC reaction in relapsed CRC patients, but this does not seem to be the full explanation. Another plausible explanation is that M2 macrophages increase within a TLS in relapsed patients. However, since the present study assessed only CD68 expression, it could not distinguish between M1 and M2. Further investigations are required, such as of cytokine production ability of macrophages within cancer-associated TLSs, or activation and proliferation status of T and B cells in TLSs with a higher ratio of TBMs.

The next discussion deals with TLS classification. This study was performed to clarify the impact of differences in cellular composition on patients' prognosis. It is noteworthy that the densities of each type of TLS divided by cellular composition were associated with CRC relapse. Since there is no established TLS classification, previous studies adopted their own classifications.^[12](#CIT0012),[25](#CIT0025),[26](#CIT0026)^ One previous report of ovarian cancer classified lymphoid aggregates into four types based on size, cellular composition, and degree of GC organization.^[25](#CIT0025)^ The authors examined the associations between the four types and tumor infiltrating lymphocytes (TILs) and plasma cell densities, whereas they did not mention the relationships of the four types to clinical outcomes.^[25](#CIT0025)^ In another report on CRC, the authors divided TLSs into three types by the expressions of CD21 and CD23, which were used as markers of the presence of FDC and GC B cells, respectively.^[12](#CIT0012)^ A higher ratio of TLSs with CD21 and CD23 expression was associated with a lower 3-year relapse-risk after curative surgery.^[12](#CIT0012)^ The GC-TLS type, B cell-rich type, and FDC-rich type in the present study seem to be roughly the same group as the above TLSs with CD21 and CD23 expression. The present data showing that those TLS types tended to increase in not-relapsed patients is in agreement with the previous report. However, the strength of the present classification is that it is based on objective evaluation using the densities of as many as six types of immune cells comprising TLSs. In particular, to the best of our knowledge, this is the first demonstration of TLS classification that takes into consideration such a variety of immune cells having the role of antigen presentation in maturation of tumor-specific T and B cells. The result of a skewed distribution of Th-dominant type TLSs in relapsed patients in the present study suggests that the anti-tumor immune reaction within the TLS might be affected by the balance of cellular components, which might affect the host's overall anti-tumor response.

In conclusion, the present data showed that the specific cellular composition of TLSs would affect CRC prognosis, and, especially, Th-dominant composition is a candidate of risk factor for CRC relapse after curative surgery. Cancer-associated TLSs should all be removed with the primary tumor by curative surgery, but the skewed composition of TLSs is associated with disease relapse. This suggests that the skewed cellular composition may reflect dysfunction of the anti-tumor immune reaction of TLS. However, the factors that regulate the composition of tumor-associated TLSs are not clear, and further investigation is needed to understand their heterogeneity and functions.

Materials and methods {#S0004}
=====================

Patients and samples {#S0004-S2001}
--------------------

This study included 67 patients with stage II or III CRC diagnosed based on the American Joint Committee on Cancer/International Union Against Cancer (AJCC/UICC) staging manual (8th edition) who underwent curative surgery at Kyushu University Hospital between July 2009 and November 2014. Clinical and pathological data were examined retrospectively using electronic records. Patients with a history of autoimmune disease, including connective tissue or inflammatory bowel diseases, or immunosuppressive drugs such as steroids were excluded. Those with a history of neoadjuvant chemo- or radiotherapy before surgery were also excluded. All patients were routinely assessed by a combination of physical examination and peripheral blood laboratory testing every 3 months and computed tomography and abdominal ultrasound every 3 or 6 months during the first and second years after surgery. These periodic investigations were performed every 6 to 12 months during the third to fifth years. This study was approved by the institutional review board of Kyushu University Hospital.

Multiplex immunohistochemical staining {#S0004-S2002}
--------------------------------------

Multiplex immunohistochemical staining was conducted using the Opal seven-color IHC Kit (Perkin Elmer). Sections with thickness of 4 µm were produced from FFPE-CRC samples or control normal lymph node tissues. The slides were deparaffinized in xylene and rehydrated in ethanol. Antigen retrieval was performed in TrisEDTA buffer (Antigen Unmasking Solution, High pH, Vector Laboratories, Burlingame, CA) by microwave treatment (MWT) for 20 minutes. Endogenous peroxidase was blocked using 3% hydrogen peroxidase in distilled water for 5 minutes. Protein blocking was performed using Protein Block Serum-Free (Agilent Technologies, Santa Clara, CA). Slides were incubated with the primary antibody for CD8 (1:50 dilution, clone C8/144B, Agilent Technologies) for 30 minutes. Slides were incubated using EnVision+ Dual Link kit (Agilent Technologies) for 10 minutes, before visualization using Opal520 TSA (1:50 dilution, Perkin Elmer) for another 10 minutes. After that, MWT was repeated to remove the antibody and TSA complex. Using this Opal staining method, all samples were stained sequentially with the primary antibody for CD20cy (Autostainer, clone L26, Agilent Technologies) visualized with Opal540 TSA (1:50), CD3 (1:50 dilution, clone F7.2.38, Agilent Technologies) visualized with Opal570 TSA (1:50), FDC (1:25 dilution, clone CAN.42, Agilent Technologies) visualized with Opal620 TSA (1:50), CD68 (1:400 dilution, clone KP1, Agilent Technologies) visualized with Opal650 TSA (1:50), and Bcl-6 (1:20 dilution, clone LN22, Leica Biosystems, Wetzlar, Germany) visualized with Opal690 ([Figures 1](#F0001), [2](#F0002)). TSA-stained slides were finished with MWT, counterstained with DAPI for 5 minutes, and coverslipped using the VectaShield Hardset mounting media (Vector Laboratories). Another staining panel was conducted with 35 patients consisting of 28 not-relapsed patients and seven relapsed patients, using primary antibody for: ROR-γT (1:500 dilution, clone 6F3.1, MilliporeSigma, Burlington, MA) visualized with Opal520 TSA (1:50); T-bet/Tbx21 (1:50 dilution, clone 4B10, Abcam, Cambridge, UK) visualized with Opal540 TSA (1:50); GATA3 (1:100 dilution, clone D13C9, Cell Signaling Technology, Danvers, MA) visualized with Opal570 TSA (1:50); FOXP3 (1:50 dilution, clone SP97, Abcam) visualized with Opal620; and CD3 (1:50 dilution, clone F7.2.38, Agilent Technologies) visualized with Opal690 TSA (1:50) ([Figure 4](#F0004)).

Multispectral image acquisition and analysis {#S0004-S2003}
--------------------------------------------

Tissue sections stained with seven-plex fluorescence were scanned using the Mantra Quantitative Pathology Workstation (Perkin Elmer) at 40x and 200x magnification. Images at 200x were used for the following analysis using the inForm Advanced Image Analysis software (inForm version 2.3.0, Perkin Elmer). Multispectral images were unmixed using spectral libraries built from images of single-stained tissues for each marker. Then, the TLS regions within the images were manually distinguished and categorized. A selection of 3--5 representative multispectral images obtained from normal lymph node tissues, which were used as positive controls, was used to train the process of cell segmentation and cell phenotyping in the inForm software. All settings were saved within an algorithm to allow batch analysis of all multispectral images from CRC samples. Finally, the number of each cell phenotype within each TLS region was calculated for statistical analysis.

Evaluation of TLS {#S0004-S2004}
-----------------

The sample analyst (KY) was fully blinded to the clinical characteristics of the patients. Lymphoid aggregates presenting in the whole slide including the tumor region or within 2 mm of the tumor area were scanned. TLS density was calculated as the number of TLSs per 100 mm^2^ of tumor region in the slide ([Figure 2(a](#F0002))). Serial sections of CRC samples stained with hematoxylin and eosin (H&E) were scanned using a KEYENCE BZ-X700 all-in-one fluorescence microscope (Keyence, Osaka, Japan), and the area of the tumor region was calculated using BZ-X Analyzer software (Keyence).

Cellular components of TLSs were defined along with specific antigen-expression, such as helper T cells (CD3^+^CD8^-^Bcl-6^-^), cytotoxic T lymphocytes (CD3^+^CD8^+^), follicular dendritic cells (FDC^+^), B cells (CD20^+^Bcl-6^-^), macrophages (CD68^+^), Tfh cells (CD3^+^CD8^-^Bcl-6^+^), and GC B cells (CD20^+^Bcl-6^+^) ([Figure 2(b](#F0002))). Percentages of each cell component in one TLS were calculated as the number of each type of cell per all nucleated cells in a TLS. The mean values of each component of all TLSs within whole slides were then calculated as representative values of one patient ([Figure 2(b](#F0002))).

Evaluation of MMR status {#S0004-S2005}
------------------------

Tissue sections were processed by immunohistochemistry for four MMR proteins. The primary antibodies were anti-MLH1 (1:50 dilution, clone G168-15, BD Biosciences, San Jose, CA) mouse monoclonal antibody, anti-MSH2 (1:100 dilution, clone FE11, Merck Millipore, ‎Burlington, MA) mouse monoclonal antibody, anti-PMS2 (1:100 dilution, clone A16-4, BD Biosciences) mouse monoclonal antibody, and anti-MSH6 (1:100 dilution, clone EP49, Agilent Technologies) rabbit monoclonal antibody. Tumors were considered negative for MLH1, MSH2, PMS2, or MSH6 when there was a complete absence of nuclear staining in the tumor cells, whereas the surrounding lymphocytes and normal epithelial cells showed consistently preserved nuclear staining. If any one of the four MMR proteins was negative, the tumor was considered to be dMMR. Tumors that preserved expression of all four proteins were considered to be MMR-proficient (pMMR). The representative immunohistochemical staining images of dMMR are shown in Supplementary Figure 1.

Evaluation of Immunoscores {#S0004-S2006}
--------------------------

Tissue sections were processed by immunohistochemistry, and the densities of CD3^+^ and CD8^+^ T cells in the tumor core (CT) and the invasive margin (IM) were calculated. Slides were stained with the primary antibody for CD8 visualized with Opal540 TSA, and they were sequentially stained with the primary antibody for CD3 visualized with Opal620 TSA. TSA-stained slides were counterstained with DAPI. Sections were then scanned for three fields of CT and IM, respectively, using the Mantra Quantitative Pathology Workstation at 200x magnification. The mean densities of CD3^+^ cells and CD8^+^ cells in CT and IM were calculated using inForm Advanced Image Analysis software. The mean of four percentiles (two markers, two regions) was calculated and converted into an Immunoscore. In the present study, the Immunoscore was categorized into three groups according to the previous large-scale validation study; groups with mean percentiles of 0-25%, 25-70%, and 70-100% were Immunoscore Low, Intermediate, and High, respectively.^[27](#CIT0027)^ The representative immunohistochemical staining images of Low, Intermediate, and High Immunoscores are shown in Supplementary Figure 2.

Statistical analysis {#S0004-S2007}
--------------------

Median values were compared between two groups with the Wilcoxon rank-sum test. The association between two categorical variables was assessed with the Chi-squared test or Fisher's exact test. Univariate and multivariate logistic regression analyses were used to evaluate independent factors associated with disease relapse, including age, pathological stage, MMR status, Immunoscore, number of TLSs per 100 mm^2^ tumor region, and proportions of each cellular component within a TLS as covariates. RFS was examined using Kaplan-Meier curves and analyzed by the log-rank test. Pearson's correlation coefficient was used to assess the association between two continuous variables. Classification of TLSs was performed using *k*-means clustering algorithm, which identifies *k* number of centroids and then allocates every data point to the nearest cluster, while keeping the centroids as small as possible. *P* \< .05 was considered significant. All statistical analyses were carried out using JMP Pro version 13.0 software (SAS Institute Japan, Tokyo, Japan).
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[^1]: \*estimated from above patients experienced disease relapse
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